A potential energy surface ͑PES͒ for bare, mono and di-hydrogenated nickel clusters is constructed using the extended-Hückel approximation. The parameters are optimized and good agreement with theoretical and experimental results is obtained without including a posteriori coordination dependent terms. The global minimum and the first few low-lying isomers of several nickel clusters are investigated using a variety of minimization techniques. The difference in energy between isomers is much smaller than the Ni-Ni dissociation energy. Both geometric and optical isomers are found for many cluster sizes. In some cases symmetric nuclear configurations give rise to orbital degeneracies in the adiabatic surface which lead to distortions. The hydrogen atom is most frequently found on the surface. All isomers of Ni n H 2 contain a dissociated hydrogen molecule. The results are in good agreement with quantitative and qualitative experimental findings on this system.
I. INTRODUCTION
If ab initio potential energy surfaces could be evaluated with sufficient speed for many-particle systems, the determination of static, dynamic and thermodynamic properties would be possible within statistical uncertainties and the Born-Oppenheimer approximation. While much progress has been made in recent years to enable the determination of the potential energy during numerical simulations, 1 the cost in computer time can range from high to prohibitive. For the case of transition metal clusters of interest to the current study, ab initio simulations represent a future goal rather than a current reality. As an alternative quantum chemical approach, semi-empirical methods 2 are a useful approximation to full ab initio calculations 3, 4 when used to obtain potential surfaces for transition metal clusters. Semi-empirical methods provide a fast and simple way to reproduce approximately the quantum mechanical forces that determine the physical properties of the interacting system. These forces require a quantum description owing to the strong directional character of the d and p orbitals. The d bands can play a determining role in the bonding between transition metal atoms. In the semi-empirical method the computational effort is diminished by a parameterization of the interaction matrix between the s, p and d atomic basis. With these models it is possible to carry out dynamical and statistical simulations with reasonable amounts of computational resources. For transition metal clusters, most simulations [5] [6] [7] to date have used less expensive potential functions. Examples include the embedded atom model ͑EAM͒ [5] [6] [7] and the corrected effective medium theory ͑CEM͒. 8, 9 In the embedded atom model 5 the overall potential energy is constructed from spherically symmetric charge distributions about each atom.
The corrected effective medium theory is based on an approach similar in spirit to EAM. Previous studies of nickel clusters have used both these methods. [5] [6] [7] [8] [9] While semiempirical methods provide potentials that are by no means exact, physical effects characteristic of a class of systems are observable that cannot be seen with alternate representations of the interatomic potential. Examples of these effects are discussed in the current work.
A popular set of semi-empirical approaches that have been used for transition metals are the tight binding methods. An example is the extended-Hückel approximation 10 ͑EH͒ that has been applied to a range of systems including covalent organic molecules and transition metal compounds. 11 The EH approach has been successfully applied to transition metal clusters by Anderson, 12 who studied several small systems of up to six atoms, of Ti, Cr, Fe and Ni. Another variant of the Hückel approximation has been developed by van Schilfgaarde and Harrison [13] [14] [15] and the resulting methodology has been applied to study of semiconductor clusters as well as bulk semiconductors and transition metals by a number of authors. This semi-empirical technique differs from the EH approximation mainly in the way the off diagonal elements of the Hamiltonian are approximated. We refer to this technique as modified tight binding scheme ͑MTB͒. A small sample of recently published applications of MTB to semiconductors is found in Refs. [16] [17] [18] [19] [20] . MTB potentials have also been applied to transition metal clusters by a number of authors. In a series of publications Lathiotakis et al., [21] [22] [23] [24] describe a MTB potential energy surface model for nickel clusters. The resulting potential surface has been used to obtain structural information for a large number of Ni clusters.
As has been understood for some time, semi-empirical methods often underestimate the total binding energy of the global minimum of a semiconductor or transition metal clus-ter. This underestimate has been attributed to the method's neglect of free to hybrid atom promotional energies, 19 and to the incorrect assumption made that the basis set overlap integrals are those at the bulk atom-atom separation. 17 In fact, the average bond length for a metal or semiconductor cluster can be quite different from the bulk value. To correct the binding energy deficiency in the MTB scheme Tomańek and Schluter 20 have proposed the addition of a simple bonddependent term U bond to the total binding energy of a series of minimized structures. This method is still used in many applications of semi-empirical theories to semiconductors and transition metals. This bond-counting term is awkward to use directly in dynamical simulations even if a smooth cutoff function is used for the determination of the number of bonds. 16, 18, 19, 22, 23 In practice U bond has not been used to derive forces and has only been added to the minimized geometries after dynamical simulations have been completed. A goal of the current work is to construct a semi-empirical potential function where all the energetic contributions can be included everywhere on the potential surface.
In this paper we describe an improved semi-empirical method based on the EH approximation for Ni clusters. Our main improvement is a way to eliminate U bond altogether. We are encouraged in this process by the success of Ordejón, Lebedenko, and Menon 17 who have been able to eliminate U bond in semiconductor clusters by re-introducing the full dependence of the overlap between adjacent atoms.
In the current work we develop a semi-empirical potential energy function for nickel clusters that as closely as possible satisfy the goals that follow:
͑1͒ Obtain a potential energy model which efficiently reproduces the strong directional nature of the p and d orbitals in transition metal bonding and hence the quantum nature of the electronic Born-Oppenheimer surface. ͑2͒ Eliminate the need for any artificial term dependent on coordination to achieve agreement between the EH approximation and ab initio calculations, experimental cohesive energies and empirical structural information. ͑3͒ Parameterize the model potential for nickel clusters and use this to obtain structural and energetic information about the global minima of several isomers for a range of sizes. ͑4͒ Generate a model potential that is useful for future classical, quantum and statistical simulations from which important dynamic and thermal properties of the clusters can be obtained. The contents of the remainder of this paper are organized as follows: Section II contains a brief outline of the extended-Hückel method, a description of the method used to obtain the best set of parameters for the EH matrix, and a description of the methods we use to find minima and isomers of the potential energy surface. In Section III we discuss the results of searches for the minima of clusters from Ni 2 to Ni 14 , Ni n H and Ni n H 2 . Finally, in Section IV we summarize and discuss our results.
II. METHOD A. Basic theory
It is known that the standard EH approximation requires an additional repulsive term in order to reproduce a realistic potential. The overall potential energy is calculated by a sum of two terms,
where U rep is a sum of pair-wise repulsion terms between N atoms
Several approaches have been proposed to represent the repulsive potential i, j . Among these we note the AndersonHoffmann approach 25 based on charge density functionals, and the squared overlap method of Lee. 26 We have chosen a simpler exponential scaling function with respect to the atom-atom distance r i, j which is commonly used in MTB calculations,
͑3͒
Following Lathiotakis et al. 21 we have set d to the Ni-Ni bulk value separation, dϭ2.498 Å.
The electronic energy is a sum over occupied EH electronic energy levels
where b n is the occupancy number for a given molecular orbital and the set ͕E n ͖ is the solution to the generalized eigenvalue problem
First-principle classical or Brownian simulations, used in this work, are carried out by integrating Newton's equations of motion
where x is a vector containing the Cartesian coordinates of the nuclei, ␥ is the coefficient of friction and F(T,t) is a random force 6 with correlation function given by the standard expression for white noise at temperature T. The derivative with respect to x of the repulsive part of U tot is trivially obtained from Eq. ͑3͒. The derivative of the electronic part is obtained by using the Hellmann-Feynman theorem. From Eq. ͑5͒ we obtain 19 
‫ץ‬E
n ‫ץ‬x i ϭC n † ͩ ‫ץ‬H ‫ץ‬x i ϪE n ‫ץ‬S ‫ץ‬x i ͪ C n .
͑7͒
The generalized eigenvalue problem of Eq. ͑5͒ is solved by applying the standard Cholesky decomposition of the overlap
where L is a lower triangular matrix.
B. Parameterization of the EH matrix
In standard EH theory, a direct proportionality between the overlap element S i, j and the coupling Hamiltonian element H i, j is assumed
͑9͒
whereas the diagonal element H i,i is set to the experimental ionization energy of the atomic orbital i, H i,i ϭ⑀ nl . Consistent with the ordering of the ionization energies of this particular parameter set, the ground state of Ni is 4s 2 3d 8 . This ground state configuration is the same that has been used by Anderson. 12 For nickel, the atomic basis set consists of a 4s, three 4p and five 3d Slater-Koster 27 orbitals for each atom. We use double-zeta representation for the d orbitals. This gives a set of 12 parameters to be determined empirically; the three on-site ionization energies (⑀ 4s , ⑀ 4p , ⑀ 3d ), the four orbital exponents ( 4s , 4p , 3d1 , 3d2 ), the double-zeta normalizing coefficients (c 1 and c 2 ), the two parameters for the repulsive energy (␣ and 0 ), and the Hückel parameter K.
The atomic parameters nl used by Anderson 12 are obtained by fitting to accurate atomic Hartree-Fock calculations. We have carried out a preliminary search for the cluster minima using Anderson 12 parameters. We have discovered, however, that the resulting potential model underestimates the binding energy of clusters by several eV. Furthermore, the binding energy difference between global minima of adjacent sizes do not follow the experimental trend. 28 These experimental findings were not available at the time that Anderson carried out his investigation. In light of these preliminary minimization results we optimize the scaling with distance of all the overlaps ͑i.e., the parameters of the atomic basis set nl ). This achieves better agreement between EH, ab initio and experimental binding energies without making use of any bond counting term. The main criteria used to optimize the parameters are the following: The on-site ionization energies used by Anderson 12 are experimental values except for ⑀ 3d . He noted that it is necessary to increase this energy from Ϫ10.0 to Ϫ7.7 eV and raise 4s by 0.2 bohr Ϫ1 in order to obtain binding for the dimer. We use the same on-site energies that Anderson used. The optimization of the remaining parameters is carried out in two stages. First we perform an initial adjustment of these by fitting to ab initio calculations on Ni 4 performed by Mlynarski and Salahub 30 and Ni 6 , Ni 8 , Ni 19 by Rösch and Ackermann. 31 In these ab initio studies, each cluster is minimized by imposing symmetry constraints. The authors report the binding energies of the geometries at two different atomatom separations. In addition, the experimental 32 binding energy Ϫ2.068 eV, the bond length 2.20 Å and the frequency 330 cm Ϫ1 of the dimer 21 are included in the data pool. The fitting is achieved by minimizing the sum of the squares of the percent deviation between EH and ab initio binding energies. The four Slater exponents nl and the two double-zeta coefficients, c 1 and c 2 are obtained by a random walk. For each set of nl and c i obtained randomly, ␣ and 0 and the Hückel parameter K are systematically varied until the dimer properties are accurately reproduced. This procedure is necessary to eliminate much of the correlation that exists among the nine parameters. 19 The only notable change in parameters is a relatively large increase in 4s to three and half times the value used by Anderson. 12 A further small adjustment of all the parameters is carried out to assure that clusters larger than Ni 7 favor structures with high coordination. Global minima geometries of clusters larger that Ni 7 are quite sensitive to the values chosen for the parameters, especially those describing the d basis.
The only notable quantitative discrepancies which we are unable to resolve are the cohesive energies of Ni 3 and Ni 4 which we overestimate by approximately 2 eV and the vibrational frequency of Ni 2 ͑see Table II and Fig. 6͒ . Curiously, many other potential models applied to this system seem to show the trend for Ni 3 and Ni 4 reported here rather than the experimental trend ͑see Fig. 6 and the associated discussion͒. We have made many attempts to find a set of parameters that reproduces the sequential cohesive energies of the clusters, while at the same time gives a smaller vibrational frequency of the dimer and a value for 4s closer to previously reported exponents. We also have tried to vary the on-site energies together with all the other parameters. We have been, however, unable to find a set of parameters that simultaneously satisfies all these criteria. The reproduction of all these properties simultaneously may be beyond the capability of the simple electronic model we are implementing. Furthermore, the values of the orbital parameters optimized in the manner described above need not be in agreement with values obtained from accurate variational calculations using first principle repulsive forces. As such, these parameters may not be transferable to other applications of extended-Hückel theory.
In Table I we report the basis sets and repulsive parameters. Where possible the optimized values are compared with those used by Anderson. 12 The repulsion parameters ␣ NiϪNi and NiϪNi reported in the column labeled Ref. 
C. The genetic algorithm
We minimize the structures in a variety of ways, but we preferentially use Brownian dynamics simulated annealing ͓see Eq. ͑6͔͒. 6 We use alternative methods such as Monte
Carlo simulated annealing ͑MCSA͒, the Newton-Rapson, and the conjugate gradient method 35 to double check the validity of our results. In particular MCSA requires no gradient evaluation and we use this technique extensively to test our programs.
To find the lowest energy structure for each cluster size and composition, simulated annealing methods require many trajectories begun from random configurations. The number of trajectories required can be reduced using genetic algorithmic methods. [36] [37] [38] [39] [40] We find the genetic algorithm to be indispensable for structures with more than six atoms. The first generation of parents is obtained by minimizing a set of randomly generated structures. The starting Cartesian coordinates for these trajectories are uniformly drawn from a box of sufficiently large size. Like Zeiri 39 we use the Cartesian coordinates of the nuclei as our control variables. The starting coordinates for the next generation of children is obtained by a single operation from two parent configurations. Both parents are cut by a randomly placed plane and rejoined to form the children. Our genetic operator is very similar to that employed by Deaven and Ho 38 for Lennard-Jones clusters. The parents with lower energy are selected with higher probability according to the following normalized distribution,
where N pop is the total number of parents and V i is the binding energy of isomer i. We find that N pop ϭ64 works quite well for our purposes. N pop structures are generated at each pass. We use Brownian dynamics simulated annealing 6 to quench the resulting children. Configurations are cooled to zero Kelvin abruptly in order to arrive at the closest local minimum.
After equivalent structures are removed in the manner we describe below, the remaining children are added to the parents and the result is sorted by energy; the lowest N pop configurations become the new parents for the following generation. Our search appears to be comprehensive up to Ni 7 for bare clusters, up to Ni 5 H and up to Ni 4 H 2 for the hydrogenated systems. For larger systems we update the parent configurations and keep the lowest 64 structures. The genetic algorithm is terminated when for two consecutive generations no new parent structure is found. This yields the lowest discovered candidate isomers for a given system. We find that between 1000 to 2000 trajectories ͑18-30 generations͒ are sufficient to achieve this termination criteria for clusters in the size range considered here.
After the lowest 64 candidates are found, these are further quenched so that the fractional change in energy between subsequent steps is less than one part in 10 6 and in some case to one part in 10 12 . This procedure gives us confidence that the lowest minimum reported for each system is most probably the global minimum and that the lowest few isomers for each system are found.
To confirm that the Brownian algorithm yields distinct minima, each minimum obtained for Ni 3 Ϫ5 a.u. to assure that the algorithm does not accidentally hop out of a local well. After 100 consecutive passes are rejected, the step size is cut in half. A step smaller than 10 Ϫ8 a.u. is used as convergence criterion. The Monte Carlo algorithm converges very quickly for each minimum found by the Brownian annealing method for all tested systems. An inspection of the eigenvalues of the Hessian matrix,
determined numerically, for each minimum is also carried out. We find that all the isomers have 3NϪ6 positive eigenfrequencies and therefore are not transition states or other higher order saddles.
D. The structural comparison algorithm
To maintain diversity in the gene pool, identical children are removed. Because the energy difference between isomers is small, it is difficult to resolve differences between isomers using energy criteria alone without having to minimize to very small tolerances. When the parent set has evolved for several generations toward the lowest set of structures, several additional passes may create as few as one new parent at a time, and the process can become quite wasteful. We find it more efficient, therefore, to reduce the tolerance and compare the minima both topologically and energetically, by attempting to superimpose each child-child and child-parent pair with a set of translation-rotation operations.
To understand the structural comparison algorithm we consider two clusters A and B. We choose a single atom from each of A and B as the common origin. We define a set of translations which has at most N elements, where N is the number of atoms in B. The second and third atom determine a common z axis and a common xϪz plane, respectively, for A and B. From these, a set of (NϪ1)(NϪ2) pair of Euler angles is obtained and with these we rotate B. This yields at most N(NϪ1)(NϪ2) combined operations to compare the two structures. If the two structures are equal, then at least one of these operations renders the coordinate set of A equal to that of B. If, however, the two are different then there is no operation in this set that renders this equality. For each of the N(NϪ1)(NϪ2) attempts at superimposing structure A and B in a pair, the distance between atom i in structure A and atom i in structure B is measured for all atoms. If a translation and rotation is found for which all such distances are less than ϭ0.8 bohr then the structures are assumed identical. The parameter ϭ0.8 bohr is sufficiently small to distinguish the first three isomers of Ni 7 , which, as we discuss in the next section, have very similar geometries. We test the same comparison procedure in the genetic algorithm with a smaller value of for Ni 7 but we find no additional minima. The parameter must be adjusted carefully. If is too small, then the parent set is not sufficiently diversified on each pass, and upon further minimization too few isomers are obtained. If is too large then isomers that are geometrically similar can be mistaken as equal and thrown away. With this comparison technique we have discovered the existence of numerous pairs of degenerate structures of Ni n which are non-superimposable mirror images, i.e., optical isomers. This feature, however, is not restricted to transition metal clusters. The highest energy isomer of a 7-atom Lennard-Jones cluster, for example, is optically active, a fact that seems to have escaped previous notice. In fact we find that three of the distinct minima of Ni 7 resemble the structure of the highest energy isomer of a 7-atom Lennard-Jones cluster ͑see Fig. 3͒ and have degenerate enantiomers.
III. RESULTS

A. Ni 2 , NiH and H 2
In Table II , the values of the experimental binding energy, bond length and vibrational frequency of Ni 2 are taken from Refs. 33 and 34, respectively. During the search of the best set of parameters we include experimental data for the additional two dimers that are relevant to the current study, namely NiH and H 2 . Numerous investigations of nickel hydride have been published. We make use of experimental values cited in a recent theoretical study 41 and in an earlier experimental investigation. 42 The properties of the ground state of the hydrogen molecule are obtained from Ref. 43 . As can be seen in Table II , the agreement of most calculated properties with experiment is quite good.
B. Ni 3 -Ni 14
The structures in Table III are labeled ͑following Stave  and DePristo   8 ͒ with two indices, N.m, where N is the number of atoms and m refers to a particular isomer. The isomers are sorted in ascending energy order so that mϭ1 refers to the lowest minimum found. Table III contains the binding energy for all the isomers found for Ni 3 to Ni 7 and for the global minima of Ni 8 to Ni 14 . We also list the number of bonds and the average near neighbor bond length for each isomer. The number of bonds in a given cluster N b is calculated with a smooth cutoff function
where r c ϭ5.6796788 bohr and ␦ϭ0.1839 bohr are chosen so that the coordination around an atom in the bulk fcc structure is 12.00 to four significant figures. The results reported in Table III .
͑13͒
It can be clearly seen in Table III that ͗r e ͘ is a slowly increasing function of cluster size and approaches a number close to the experimental bulk Ni-Ni distance ͑4.72 bohr͒. We also see from Table III that the energy of different isomers of the same size does not depend strongly on the number of bonds, although in general, structures with higher coordination are favored. The structures of the isomers of Ni 3 to Ni 5 are reproduced in Fig. 1 . Ni 3 has D 3h symmetry. Ni 4 is distorted from the tetrahedral symmetry by a slight amount. Inspection of the molecular orbital energies for T d Ni 4 reveals the reason for its distortion. The highest occupied molecular orbital in T d Ni 4 is triply degenerate and the shell is not fully occupied. The adiabatic surface is consequently also degenerate. By the Jahn-Teller theorem 44 one of these degenerate surfaces cannot have a minimum at the T d configuration of Ni 4 . These distortions are observed in higher clusters as well. In these the Jahn-Teller effect greatly complicates the potential energy surface by increasing the number of lower symmetry isomers about a structure with degeneracies in the adiabatic surface. The first system that displays more than one distorted isomer is Ni 6 for which we find eight different stable structures ͑see Fig. 2͒ . The first two are very similar having the slight distortions of the octahedral configuration as recognized previously by Yu and Almöf. 45 Isomers 6.5 and 6.7 contain a plane of symmetry defined by the coordinates of four atoms. For 6.5 the atom capping the trigonal bipyramid is in the same plane with the nearest equatorial atom and with the two vertices. In 6.7 the two atoms capping the tetrahedron are in the same plane with the two atoms that they coordinate. These planes divide the rest of the molecule equally. The atoms of 6.8 are not all in the plane of the page but the plane perpendicular to the page is a symmetry element. Parks et al. 29 find experimental evidence of rearrangements of the Ni 6 substrate at relatively high N 2 pressures. The lowest minimum for Ni 6 proposed by the authors of this study is the octahedron in agreement with the results of both previous CEM 8 and EAM models. 5 The existence of the capped square pyramid has been hypothesized by Parks et al. 29 as a possible rearranged structure when one additional N 2 molecule is accommodated at elevated N 2 pressures.
The topology of Ni 7 is even more intriguing. The lowest minimum is the capped octahedron. This is identical to the structure inferred from N 2 uptake experiments. 29 This close agreement with the experimental finding, however, may be fortuitous. All the isomers are very close in energy even when their geometries are quite different. We also find isomers which differ energetically but are quite close topologically. A clear example is given by isomers 7.2 and 7.3 which are shown in Fig. 3 . Of the 15 minima found, 5 resemble transition states that have been reported for Lennard-Jones 7-particle systems by Tsai and Jordan. 46 These are 7.2, 7.3, 7.5, 7.7, 7.12, while isomer 7.6 resembles a second order saddle in Ar 7 .
Recently, two additional ab initio calculations have been carried out on Ni 7 by Nayak et al. 47 The authors of this work report two structures, a capped octahedron and a pentagonal bipyramid, obtained by ab initio calculations minimized with symmetry constraints. The capped octahedron is reported by these authors to be 0.35 eV lower in energy then the pentagonal bipyramid. In the present study, the difference be- Table III . 6 . The two lowest minima are distorted octahedra. The highest isomer is slightly bent from the planar arrangement ͑plane of the page͒ but has a plane of symmetry perpendicular to the page. All isomer found for Ni 6 are not chiral.
FIG. 2. All of the isomers found for Ni
tween the most symmetric pentagonal bipyramid ͑7.11 in Fig. 3͒ and the capped octahedron is found to be 0.24 eV in good agreement with these recent findings.
The structures 7.8, 7.9, 7.10, can be thought of as missed pentagonal bipyramids where one of the equatorial atoms is on a face of the structure or as capped trigonal bipyramids. The structure of these minima resemble the highest isomer of a 7-particle Lennard-Jones cluster. Isomers 7.3, 7.8, 7.9, 7.10, 7.13 are chiral. The respective enantiomers have been found for each of these.
Beginning with Ni 8 , the number of minima becomes quite large. Rather than tabulate the energies for all the lowest structures we report a plot of the local minima in the potential surface found as a function of cluster size N. This graph is displayed in Fig. 4 . In Fig. 4 we have not included more than 1 line for structures that have optical isomers of equivalent energy. To emphasize the small differences in energy between isomers we shift the energies so that the lowest minimum found for each system is zero and we divide the resulting binding energy for each structure by the binding energy of the dimer D 0 (Ni 2 ). All the minima considered are within 0.2D 0 (Ni 2 ) and are distributed quite irregularly. This picture demonstrates one of the differences that exist between the minima of transition metal clusters and LennardJones clusters. In the latter system the gap between the lowest isomer and the next one is typically on the order of one bond in the size range considered in the present study. ͑The 17 atom Lennard-Jones cluster is an exception, where the three distinct lowest energy isomers have been found that have the same coordination and are very close in energy. 48 ͒ Figure 4 also demonstrates that the density of isomeric states increases with size as is expected. The isomers in this size range reveal the presence of the same features found in Ni 6 and Ni 7 , namely, a number of minima are very similar geometrically and differ from one another from distortions which lower the symmetry of one or more unstable configurations. In Fig. 5 we display the lowest minima of Ni 8 to Ni 14 . The lowest minimum for Ni 8 is a 4,4 capped trigonal prism. 49 For Ni 8 we also find the bisdisphenoid D 2d ͑which is higher in energy only by 0.01 eV͒, the square antiprism and the capped pentagonal bipyramid. It is noted that both the bisdisphenoid and the square antiprism are mentioned as plausible candidates by Parks et al. 29 who, however, indicate that the capped pentagonal bipyramid may be the global minimum for Ni 8 . Stave and DePristo 8 report the bisdisphenoid as the lowest minimum of Ni 8 . The lowest minimum of Ni 9 is a twin trigonal antiprism reproduced in Fig. 5 . This particular structure is a fragment of a hcp crystal and can also be thought of as two fused octahedra. Close to the global minima we also find the 4,4,4 capped trigonal prism and the 4 capped square antiprism. We also find the capped pentagonal bipyramid, 0.09 eV above the lowest minimum and at lower energies capped octahedra and fcc or hcp fragments. The lowest minimum for Ni 10 is a 4,4 capped square antiprism. Ni 11 global minimum is a distorted capped trigonal prism, Ni 12 is like Ni 10 a capped square antiprism.
Ni 13 is a capped square antiprism interpenetrating a capped trigonal prism. The tetrahedron capped by an equilateral triangle ͑hcp fragment͒ minimizes 0.1 eV above the lowest minimum. The icosahedron minimizes 0.26 eV above and the cuboctahedron 0.52 eV above the lowest minimum. From  Fig. 5 it is evident that the growth pattern is nontrivial. We find that icosahedral growth is not favored in this size range. The global minima we find better resemble the growth of closo B n H n 2Ϫ inorganic anions, 50 but there are obvious exceptions. While icosahedral structures are found among the isomers, the present model does not predict that the global minimum is obtained by maximizing the number of Ni-Ni near-neighbor interactions as is the case for Lennard-Jones clusters. 51 Rather, a preference to coordinate more uniformly every atom in the cluster is observed. This observation is the same that Stave and DePristo 8 make in their study. In Fig. 6 we plot the energy difference between lowest minima of clusters of adjacent size. Since the reference energy of the single Ni atom is zero, the quantity plotted is the energy differences associated with the gas phase reaction 
Included in Fig. 6 are experimental results derived from the scattering of nickel clusters ions with Xe atoms. 28 These experimental results are depicted as the dashed line with open diamonds in Fig. 6 . The table in this Ref. 28 is recalculated using only the first atomization energy before comparing this to our results. We compare our calculation ͑filled circles, dark solid line͒ to the experimental results. It is noted that with the exception of Ni 3 and Ni 4 our estimation of ⌬E n is nearly within the experimental error bars. As mentioned previously, this is not the case if we use the orbital parameters of Ref. 12 ͑open circles, dark solid line͒. The lack of structure in Fig. 6 when Anderson's parameters are used has led us to the re-parameterization discussed in this work.
C. Ni 2 H to Ni 11 H
In Table IV we list the binding energy of all discovered isomers of singly hydrogenated nickel cluster up to Ni 5 H ͑for which the search appears to be comprehensive͒ and the lowest minimum found for all the remaining clusters examined in this work. As can be seen in Table IV , Ni 2 H has four minima. The first three are rings, the fourth is a nonlinear chain. The differences between the lowest three isomers are small. The lowest minimum of Ni 2 H is distorted from C 2v symmetry. The two Ni-H bonds are 3.2948 and 2.8460 bohr, respectively and the Ni-Ni bond is 2% longer than in Ni 2 alone. The next two structures are also distorted from C 2v symmetry, but by a smaller amount. Because the isomers are so close geometrically, we characterize fully their geometries in Table V-VIII. Each minimum is verified by Brownian dynamics and Monte-Carlo simulated annealing to one part in 10
12
. All 3NϪ6 eigenvalues of the Hessian matrix are positive for each structure, indicating that these are not saddles. To interpret the distortions we inspect the energy levels of a perfect C 2v Ni 2 H. This structure is constructed with the Ni-Ni and Ni-H bond lengths equal to the respective dimers. The highest occupied shell is a doubly degenerate electronic orbital and is partially filled. The C 2v point group has no degenerate irreducible representations. In this case, however, the degeneracy of the molecular orbitals comes from two pairs ͑one filled and one partially filled͒ of molecular orbitals ͑MO͒ that consist entirely of p and d functions of the Ni atoms. The 1s orbital of hydrogen is centered exactly in a nodal plane and yields no contribution to the bonding in these degenerate pairs of MOs. As the hydrogen atom is moved away from the nodal plane one of the orbitals of the degenerate pairs of MOs acquires significant contribution from the 1s orbital resulting in a lowering of its energy. This observed degeneracy in the C 2v configuration and its resulting distortion is the result of restricting the atomic basis set on the hydrogen atom. This artifact may explain the unusually large number of isomers that we find for this cluster. We are unable to predict the number of isomers expected if a more complete basis set were used breaking the degeneracy. In contrast to Ni 2 H we find only one isomer of Ni 3 H; a distorted trigonal pyramid. Planar Ni 3 H is not stable. The distortion of Ni 3 H is again interpreted by inspection of the energy levels of C 3v Ni 3 H. The highest occupied orbital shell is doubly degenerate and only partially filled.
Ni 4 H only has two isomers. The lowest has C 2v symmetry and is reproduced in Fig. 7 . Inspection of the electronic energy levels indicates that this structure should not be distorted as no degeneracies in the adiabatic surface exist. In contrast to Ni 3 H we do not find a face capping configuration, even when distorted. The potential energy surface of Ni 4 H at the C 3v configuration ͑when the H atoms caps any one of the tetrahedral faces most symmetrically͒ is doubly degenerate. The second isomer of Ni 4 H is a distorted tetrahedral Ni 4 with a hydrogen sitting on top. This structure resembles the third isomer of Ni 5 in Fig. 1 . Unlike recent findings 5 with the embedded atom model, we do not find any H atoms in the tetrahedral site. The tetrahedral configuration of Ni 4 H should distort as consequence of an orbital degeneracy. The Ni-H distances in the D 2d structure with H in the center of mass ͑which derives from the distortion of T d Ni 4 H͒, are all slightly larger than the Ni-H equilibrium distance of the dimer. Nevertheless, the repulsive part of the potential has a maximum at this configuration and the electronic part of the energy is not sufficiently deep to stabilize the configuration.
The lowest minimum of Ni 5 H is reproduced in Fig. 7 . The structure has a plane of symmetry containing the H atom, the atoms at the two vertices of the trigonal bipyramid, and the equatorial atom bonded to hydrogen. For Ni 5 H we find all the isomers for the corresponding bare cluster with the same energetic rank. In each, the bridging site ͑H atom bonding symmetrically two Ni atoms͒ is preferred energetically to the threefold site and this is in turn preferred to the single Ni-H interaction. The only exception is in the third isomer of Ni 5 , where only a capped face is found.
As with the bare clusters, beginning with Ni 6 H we do not tabulate the potential energy for every isomer found. Rather, we report the energy of the lowest minimum for each in Table IV and a graph of the energy of the isomers as function of number of Ni atoms in Fig. 9 . The addition of a hydrogen atom effects the isomer ordering of the nickel substrate in this size range. This is most evident in Ni 9 H in Fig.  8 . The nickel substrate of Ni 9 H ranks higher energetically in the bare system. Ni 8 H and Ni 9 H are hydrogenated capped trigonal prisms. Ni 11 H is a capped square antiprism. In Fig.  10 we plot the energy of the reaction Ni n ϩ H→ Ni n H, ͑15͒
at zero Kelvin as function of n. The first drop from nϭ1 to nϭ2 can be easily understood in terms of the difference that exists between the energies of top binding ͑which is the only possibility in NiH͒ and a bridge binding site which is favored over the top configuration ͑bent isomer͒ in Ni 2 H. The graph in Fig. 10 and the structures in Fig. 8 suggest that the difference between the two-and the threefold site decreases with n. This difference is much smaller than that which exists between the top site and the twofold site. The trend we observe in Fig. 7 and 8 is that larger clusters favor the threefold site to the twofold one. Ab initio calculations 52 for the ͑111͒ Ni surface confirm that the threefold site is favored in the bulk. A slow downward trend is evident in the binding energy in Fig. 10 from nу3. For nϭ11 there is already favorable agreement between the calculated energy for reaction ͑15͒ and the corresponding experimental 53 value for fcc Ni ͑111͒, ͑100͒ and ͑110͒ of 2.7 eV.
D. NiH 2 to Ni 10 H 2
In all the isomers that we find for the di-hydrogenated nickel clusters, the H 2 molecule is dissociated on the nickel substrate. Here too the hydrogens are predominantly on the surface. The preferred arrangement of the two H atoms on the surface is in two neighboring ͑twofold -twofold or twofold -threefold͒ sites, so that one Ni atom coordinates to both hydrogens. The only exception is found in Ni 4 H 2 whose four isomers are displayed in Fig. 13 . NiH 2 has one stable configuration with D ϱh symmetry. In Fig. 11 we display the structure and the energies in eV of the 7 isomers of Ni 2 H 2 . The first four structures in this figure are planar. The high number of minima for this system is a consequence of the added complexity due to the distortions from C 2v symmetry just as is observed in Ni 2 H. The second isomer of Ni 3 H 2 in Fig. 12 
IV. DISCUSSION
In this paper we have developed a semi-empirical potential energy model based on the extended-Hückel theory for transition metal clusters. The potential can be used in dynamic simulations since it is constructed without any bond counting terms. To eliminate these terms, optimization of the parameters is necessary. This optimization consists of two steps. The first adjustment of the parameters is a least-square fitting of binding energies between calculated and ab initio results. The second step involves fitting with empirical data. Adjustment of the parameters is not automated in this step. The optimization in this manner is computationally more involved because at each step of the procedure the lowest minima of each system are required. Final geometries are sensitive to the values of the parameters.
An extensive search for the minima for several different sizes of bare, mono and dehydrogenated nickel clusters has been then carried out. We find that for transition metal clusters the binding energy difference between isomers is much smaller than the dissociation energy of Ni 2 , and the gap decreases further in mono and dehydrogenated systems. Further, this difference is smaller than that found with EAM potentials. The number of minima found is large even in relatively small clusters in contrast to what is found for other models. Several structures that are stable minima with the present model resemble transition states or higher order saddles in Lennard-Jones systems. We speculate that the inclusion of the angular dependence about each nuclear center in the potential model is responsible for this observed behavior. Optical isomerism is a frequent occurrence in transition metal clusters. This phenomenon is more easily observed in the hydrogenated systems, but optical isomerism occurs in the bare transition metal clusters as well as in rare gas systems. The growth pattern of the bare Ni clusters is nontrivial. The present study suggests that limiting the geometry optimization by assuming a best initial configuration is not recommended for transition metal clusters in this range. Like the EAM and the CEM model, a more uniform coordination of all the atoms in the cluster is observed in contrast to the noble gas systems. There are, however, differences between the lowest energy structures predicted by the present model and these alternative methods. For example for Ni 13 we find the icosahedron stable but not the lowest minimum. Isomers reported by Stave and DePristo 8 and found in the recent work with EAM potentials 5 are also found in the present study though with different energetic ordering.
We find the Jahn-Teller effect to be important. Many instances are found, where degeneracies in the adiabatic potential surface distort the systems to lower symmetry configurations. In some cases the effect increases the topological complexity of the potential surface by adding several distinct stable distortions of the same symmetric structure. This is easily observed in Ni 7 where several distinct distortions of the pentagonal bipyramid can be seen in Fig. 3 . EAM and CEM methods do not appear to reproduce such distortions. In such studies, in fact, structures with high symmetry are usually reported.
Locating transition states with the present model is problematic. The crossing that takes place ͑accidental or by symmetry͒ between different adiabatic surfaces leaves cusps in the ground state PES. The popular methods 46, 54 used for locating transition states rely on the use of the Hessian matrix. The Hessian is numerically ill-behaved in the neighborhood of a PES orbital degeneracy. Vibronic coupling corrections need to be included in the present model if future searches for transition states are to be undertaken.
With the present model, hydrogen is found predominantly on the surface, and here a preference ͑by a small amount͒ of the bridging site ͑side capping͒ is observed over the threefold ͑face capping͒ site for the smaller clusters. The only exceptions are Ni 3 H and Ni 3 H 2 . The threefold site is favored for clusters with more than eight nickel atoms. The tetrahedral site in Ni 4 H and the octahedral site in Ni 6 H are not stable. Inspection of the electronic energy levels suggest that only distorted versions of these clusters should exist. We do not find the hydrogen inside the distorted tetrahedron or octahedron site in contrast to EAM results. 5 While the Ni-H distance in these sites is larger than the NiH dimer equilibrium distance, the electronic energy is not sufficiently deep to stabilize the configuration. Inclusion of hydrogen inside these sites is observed in larger clusters but these constitute high energy isomers.
The H 2 molecule is in all cases dissociated by the Ni cluster. The most favorable arrangement of the two H atoms on the Ni cluster is in two neighboring sites with a Ni atom bonded to both hydrogens. The addition of one or two hydrogens on the transition metal cluster frequently modifies the geometry of the Ni arrangement. This is to be expected from the small energy differences that exist between isomers of Ni n .
With the present model, we plan to explore further the thermodynamic properties of the systems we studied in this paper. It is also possible to study the quantum effects on the classical minima we found in this study especially in the cases where one or two hydrogens ͑or its isotopes͒ are present. Another interesting issue which will be studied in the near future is the effect that hydrogenation has on the ''mobility'' of the nickel substrate at finite temperatures.
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